ABSTRAC~ A comparative study of the toxicity of the inotropic amines isoproterenol hydrochloride (IP), Z-norepinephrine bitartrate (NE), dopamine hydrochloride (DP), and dobutamine hydrochloride (DB) was conducted in beagle dogs (2lsexldose group). All drugs were administered at doses that produced maximal contractile tension in dog myocardium. Doses, continuously infused for 96 hr, were 0.625, 1.25, and 2.5 pg/kg/min IP, 2.5 and 5 pg/kg/min NE, and 25, 50, and 100 pg/kg/min DP and DB. Three of 4 dogs that received 5 pg/ kg/min NE and one of 4 given 100 pg/kg/min DP died. Pronounced tachycardia (mean peak rate increases from baseline of 88-104 beatslmin) was observed at all doses of IP. DB produced a transient moderate tachycardia (mean peak rate increases from baseline of 25-27 beatslmin) at 25 and 50 pg/kg/min and pronounced tachycardia (mean peak rate increases from baseline of 74 beatslmin) at 100 pg/kg/min. Moderate bradycardia occurred at both doses of NE and at 25 and 50 pg/kg/min DP (mean peak rate decreases from baseline of 4 2 4 6 and 22-38 beatslmin, respectively). At high doses the 4 inotropes produced focal to multifocal myocardial necrosis located mainly in left ventricle and segmental medial necrosis of the coronary arteries, mainly in small intramural muscular branches. Segmental medial hemorrhage was also seen following administration of high doses of NE and DP. An additional intramural coronary arterial lesion produced by all of the inotropes consisted of a mild periadventitial cellular infiltrate and fibroplasia. The results indicated that NE and DP produced the most severe cardiovascular lesions, followed by IP which produced lesions of more moderate severity. DB produced only slight lesions in comparison to the other 3 inotropic amines.
INTRODUCTION
Inotropic agents are an important class of drugs used for the treatment of congestive heart failure. These compounds fall primarily into 2 pharmacological categories: i) adrenergic receptor agonists and ii) phosphodiesterase (peak 111) inhibitors. The most common type of tissue injury associated -with administration of high doses of these and other cardiovascular drugs in dogs is multifocal myocardial necrosis produced mainly in the left ventricular papillary muscles and atria (1, 2, 4, 5, 7, 8, 10, 18, 19, 23 ). In addition, some vasoactive agents given to rats have induced arterial lesions located primarily in the mesenteric vessels (1 5).
However, rcports of vascular injury in the dog have been relatively uncommon (3) . Vascular injury in the dog has been reported with vasodilators such as minoxidil, theobromine, and hydralazine (6, 17, 18) . These lesions were characterized by medial hemorrhage and necrosis of the muscular branches of the coronary arteries (1 7). Long-term administration ofthese compounds in dogs results in lesions of medial fibrosis or'hypertrophy of the vascular wall (8, 18) . Similar lesions in dogs have been reported in the coronary arterioles with inotropic agents including SK&F 94 120 and CI-930 (5,8, 19) .
The present study was designed to evaluate and compare the effects on the cardiovascular system of four adrenergic inotropic amines with differing adrenoceptor agonist profiles. In this study isoproterenol, I-norepinephrine, dopamine and dobutamine were each administered to dogs by continuous intravenous infusion for 96 hr. 268 weighing 7.5-15 kg, were used in this study. The animals were housed individually in raised floor pens and fed a standard canine chow.
The dogs were cannulated following anesthesia with BrevitalQ Sodium.2 A 38.1-cm long medium grade silastic tubing (0.76 mm ID x 1.65 mm OD) cannula was inserted through a 14-gauge needle into the external jugular vein and extended 10-12 cm into the vessel toward the heart. After withdrawing the needle over the end ofthe tubing, gentle pressure was maintained at the site of emergence of the cannula from the skin until bleeding ceased. Two sutures were used to anchor the cannula in place. To prevent it from slipping through the ties, small rings cut from a larger silastic tube were shrink-fitted around the cannula at the ties. The protruding end of the cannula was then re-inserted through a long 14-gauge needle and directed subdermally to the back of the neck, brought through the skin, and then externalized through a hole in a canvas jacket worn by the dog. The animals were placed in recovery racks and given a single IM injection of 200,000 U of Duracillina AS.'
Test Coinpotrnds
Solutions of isoproterenol HCI (IP, Lilly), I-norepinephrine bitartrate (NE, Winthrop), dopamine HCl (DP, Sigma), or dobutamine HCI (DB, Lilly) were prepared in 5% dextrose.
Dose Administration
Following recovery from anesthesia, the dogs were returned to the floor pens and infusion was initiated. A Harvard lambda pump was used for constant intravenous infusion. The pumps had a stroke volume ofO.O1 ml and were activated through variable timers by a 10-volt nickel cadmium battery. The infusion solution was contained in a 150-ml-plastic Fenwal transfer pack attached to the intake valve of the pump by polyethylene tubing. The jugular cannula was attached to the outlet of the pump by means of a tubing coupler. The battery, timer, pump, and reservoir bag were mounted in individual pockets on the back of the canvas jacket. A 3-inch wide leather collar was fastened in place so that it covered the site of cannulation and at the same time prevented excessive lateral movement of the head. Ac- cording to the schedule outlined in Table I , groups of dogs (2/sex/group) received doses of the 4 inotropes by continuous infusion (60-120 ml/day) for 96 hr, with daily changes of the reservoir bags containing the drug solution. For each inotrope, the doses chosen were multiples of the dose required to produce maximum contractile tension in the dog myocardium (22) . Infusions were performed on one group of 4 dogs per week.
Para met en Evaluated
Lead I1 ECG recordings were obtained prior to the start of infusion (0 hr) and at 1, 5 , 24, and 96 hr after infusion was started and at other periods dictated by the condition ofthe animals. Heart rates were calculated from the ECGs. Blood samples were taken prior to the start of infusion and at 72 hr for the determination of serum lactic dehydrogenase (LDH), aspartate transaminase (AST), and creatine phosphokinase (CPK). When it became apparent that 72 hr was too late to pick up the maximum flux in AS1 and CPK levels, a 24-hr blood collection was instituted so that samples were obtained from many of the dogs at both 24 and 72 hr. Following the 96 hr of continuous infusion, the dogs 'were' necropsied. Gross observations were made. Sections of heart were'taken from right and left atria, apex, interventricular septum, papillary muscles, and multiple sections from right and left ventricles. Severity of myocardial lesions was graded as: very slight (1 +) for only a few focal fibers with degenerative and necrotic changes; slight (2+) for more extensive damage but still limited to microscopic size lesions; moderate (3+) for large areas ofdamage from 0.5 cm wide to several cm in length;
and extensive (4+) lesions were those involving from 10 to 50% of the muscle tissue. 
RESULTS

Clinical Obsen*ations
Three dogs that received NE at a rate of 5 pg/kg/ min died; 2 during the second day (24% and 29% hr after the start of infusion) and one during the night of the third day (ca. 80 hr). Shortly prior to death, the dogs became prostrate and panted heavily. One dog infused with DP at 100 pg/kg/min died after 27 hr. In the 3 hours preceding death, the animal was prostrate with cold extremities. A second dog at this dose level showed approximately-the same symptoms on the third day but survived when removed from treatment. All animals that received IP or DB survived.
Only DP produced significant clinical signs at dose levels equivalent to 1.5-1.8 times the maximal contractile dose. All of the inotropes caused some emesis, lethargy, and ataxia at the highest dose. Hypoactivity, increased salivation, and tremors were most prominently associated with DP and DB; and DB also produced a high incidence of relaxed nictitating membrane. Dose-related body weight loss (data not shown) was seen in the mid-and high-doses for IP (-1.4 to -6.2%), both doses for NE (-2.6 to -10.4%), and all 3 dose levels for DP (-4.8 to -11.8%) and
Heart Rates
The effects oftreatment with each ofthe inotropes on heart rate are shown in Fig. 1A -D. Following the start of 1P infusion, pronounced tachycardia was seen, with the peak occumng at 1 hr and the effect subsiding in 2 phases: a more rapid phase by 5 hr and a slower phase from 5 to 96 hr. Infusion of DB also produced tachycardia, although less marked than that seen with IP. Peak effect occurred at 1 hr for all 3 doses, and returned to basal levels by 5 hr at the 2 lower doses. At the high dose level, the effect had considerably subsided by 5 hr, but heart rate remained slightly elevated through termination of treatment. Infusion of both dose levels of NE and DB (-2.2 to -7.6%). the 2 lower doses of DP produced a bradycardic effect. Peak effect generally occurred by 5 hr and the rates were at or approaching pre-infusion levels by the end of treatment.
Elect roca rdiogra ins
A summary of the significant ECG findings in the vadous'ireatment groups is presented in Table 11 . These results demonstrate a greater incidence of severe arrhythmia, i.e., ventricular tachycardia or atrial fibrillation, produced at the high dose levels of NE and DP compared to IP and DB.
Clinical Cheniistty
Results of serum AST and CPK determinations are presented in Table 111 . AST and CPK values were not obtained at 24 hr on the animals that received 25 and 50 pg/kg/min of DP and DB. Most of the dogs that received 1.25 or 2.5 pg/kg/min IP TOXICOLOGIC PATHOLOGY had either elevated AST or CPK values or both at 24 hr. A dose of 5.0 pg/kg/min of NE also caused elevation of both enzymes and there was corresponding myocardial necrosis. Doses of 100 pg/kg/ min of DP produced both structural damage and enzyme elevation. One male that received 100 pg/ kg/min of DB had elevated AST and CPK levels at 24 hr. In most cases, high levels of both AST and CPK were most apparent at 24 hr and tended to subside by 72 hr.
Gross Pathology
Small, focal, pale areas were found in the left ventricular myocardium involving the apex, subendocardium, and papillary muscle's in 3 of 4 dogs receiving 1.25 and 2.5 pg/kg/min IP. No lesions were observed in the dogs receiving 0.625 pg/kg/min IP. Pale, focal areas occurred in the myocardium, mainly left ventricle, of one of 4 dogs given 2.5 pg/kg/ min NE and more extensive pale, focal areas with hemorrhage were seen in the myocardium of all 4 dogs given 5.0 pg/kg/min NE. DP produced pale focal lesions in the left ventricular myocardium in 2 of 4 dogs given 50 pg/kg/min and more extensive myocardial lesions in all 4 dogs given 100 pg/kg/ min. One dog had marked epicardial and subendocardial hemorrhages. No lesions were observed in the dogs given 25 pg/kg/min DP. Two of 4 dogs given 100 pg/kg/min DB had focal pale lesions in the myocardium. No lesions were found in dogs receiving 25 and 50 pg/kg/min DB.
There were no macroscopic vascular lesions evident in the main coronary arteries or their branches following treatment with any of the four inotropic agents::
Hist opalhology
The incidences per dose group of microscopic findings in this study arc presented in Table 111 . The focal pale areas observed grossly were comprised of coagulation necrosis of myofibers, interstitial edema, swelling of fibers with loss of staining quality, and increased cellularity. All 4 inotropic agents induced similar histologic changes. Three of 4 dogs given 2.5 pg/kg/min IP (Fig. 2) had moderate myocardial necrosis whereas 5.0 pg/kg/min NE pro- duced extensive myocardial necrosis in 3 of 4 dogs. All 4 dogs in the 100 pg/kg/min DP dose group had extensive focal to multifocal myocardial necrosis and mineralization (Fig. 3) . DB, in contrast, caused only very slight to slight focal myocardial necrosis at the 100 pg/kg/min dose level. Three of 4 dogs that received 5.0 pg/kg/min NE had extensive hemorrhages surrounding the focal areas of necrosis (Fig.  4) . These lesions were of varying size and distribution in the myocardium with sparse to dense accumulations of mainly red blood cells in and around the necrotic muscle fibers. Focal myocardial hem-' orrhage was observed in one dog treated with 100 pg/kg/min DP. No hemorrhages were observed in IP and DB treated animals.
All 4 inotropic drugs produced coronary vascular injury which was characterized by segmental medial necrosis ( Table 111 ). The lesions were seen mainly in the left main and circumflex arteries. A few lesions were observed in extramural small muscular arteries. Medial hemorrhage occurred with smooth muscle cell necrosis in dogs treated with the highest doses of NE and DP (Fig. 5) . The endothelium was denuded in some of these vessels. The vascular wall lesions were most severe in dogs treated with 5.0 pg/kg/min NE (Fig. 6 ) and 100 pg/kg/min DP (Fig.  7) . However, occasional segmental arterial lesions were associated with 1P and DB administration. No more than one animal in any dose group was affected with these 2 drugs and generally thesc lesions were more pronounced at the higher doses.
Anotheqprominent microscopic finding in the intramgral muscular branches of the coronary arteries was periadventitial fibroplasia which was seen at all doses of the four inotropic drugs (Fig. 8) . A mild mononuclear cell infiltrate was generally observed with the periadventitial fibroplasia. Fibroplasia was mild to moderate, focal and segmental in most dogs, and the seventy did not increase with increasing doses.
DISCUSSION
The cardiovascular lesions produced by continuous intravenous infusion of each of 4 inotropic amines consisted of focal to multifocal myocardial necrosis and hemorrhage as well as segmental medial necrosis of the intramural muscular branches of the coronary arteries. Segmental medial hemorrhage also occurred, following administration of high doses of norepinephrine and dopamine. Additionally, periadventitial fibroplasia of the coronary arteries was observed at all doses ofthe four inotropes. The coronary vascular lesions observed also have been reported in dogs treated with adrenalin (23), digoxin (3), dopamine (14), and other experimental inotropic agents (5, 18, 19) . Certain vasodilatory agents such as theobromine (6), minoxidil (lo), and hydralazine (1 7) have produced coronary vascular injury in large vessels upon short-term administration. Fibrinoid necrosis of the small intramural coronary blood vessels was observed in dogs following a 45-min intravenous infusion with norepinephrine (12). Joris and Majno suggested that intense prolonged vasocontriction may have accounted for the arterial lesions produced by norepinephrine (1 1).
No published reports describing coronary artery injury in the dog with isoproterenol and dobutamine were found. Previous studies indicated that dopamine induced lesions in small arteries and arterioles in the mesentery in the rat; whereas, large caliber muscular arteries were affected by fenoldopam, a dopamipergiC.vasodilator (1 5) . In the fenoldopam studies, the lesions developed acutely following 24hr intravenous infusion and were detected microscopically. These mesenteric vascular lesions were similar to the coronary arterial lesions produced in the dog in this study with all four inotropic agents.
Recently, an idiopathic extramural coronary ar- teritis has been described in beagle dogs (9). The overall incidence was 2.3% in 1,900 control dogs and was characterized by adventitial infiltrates of mononuclear cells with areas of mural necrosis and mild inflammatory cell infiltrates in both mural and subendothelial locations. The lesions occurred in the right and left coronary arteries and in the dorsal, circumflex, and ventral descending branches of the coronary arteries (9). In contrast to the present study and other studies involving cardiovascular agents, this spontaneous coronary arteritis was not present in intramural coronary arteries and had a prominent inflammatory component.
Another idiopathic periarteritis was described in a colony of beagle dogs (21) . This injury was observed mainly in the large main coronary arteries and was a combination of intimal thickening and infiltration ofa mixture ofinflammatory cells, mainly lymphocytes, in the adventitia. In these dogs, the lesions had a propensity for the proximal segment ofthe right coronary artery (2 1). Immunocytochemical stains revealed IgG positive plasma cells.
In contrast, the drug-induced coronary artery lesions in the present study appear to be more acute without the prominent inflammatory component as reported with the idiopathic cases and are located in smaller branches of the coronary arteries.
Other spontaneous cases ofperiarteritis have been reported in beagle dogs with descriptions that are similar to the spontaneous lesions described above (13, 20) , with the exception that these cases had a pattern of disseminated vascular lesions in many different tissues.
In addition to the coronary vascular injury, most dogs treated with the inotropic agents in this study had focal to multifocal areas of myocardial necrosis found mainly in the left ventricle and associated papillary muscles. Similar changes have been noted in the left ventricular myocardium in dogs given compounds with vasodilating activities (1, 2, 4, 10) and inotropic agents (5, 7, 8, 19, 23).
Balazs and Payne (1) have suggested that the myocardial damage is most likely to be the result of an accentuated pharmacologic effect associated with high doses of experimental drugs. The proximate cause of the injury is the sustained reflex tachycardia following hypotension which is produced in dogs given vasodilators (lo), indicating a physiologic rather than a direct toxicologic basis for the development of the lesion. Mild lesions may repair or disappear in some dogs as treatment continues, suggesting tolerance may develop following repeated doses (1).
Myocardial damage seen with DP and NE is probably also due to myocardial ischemia. These catecholamines all have the property of directly increasing cardiac contractility. An increase in vascular tone probably led to high diastolic pressure and reflectory vagal bradycardia which caused local myocardial hypoxia (1 6).
In summary, acute treatment of dogs with postmaximal inotropic doses of either isoproterenol, norepinephrine, dopamine, or dobutamine produced cardiac vascular and muscular injury that was similar in nature. Norepinephrine and dopamine produced the most severe lesions, followed by isoproterenol which produced lesions of more mod-erate severity. Dobutamine produced only slight cardiovascular lesions in comparison to the other three inotropic amines. In contrast to spontaneous coronary arteriopathies, the inotrope-induced vascular changes were associated with small intramural branches of the coronary arteries and did not appear to involve the main trunks.
